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A B S T R A C T
Three-phase voltage source inverter driven induction motor is used in many medium- and high-power
applications. Precision in speed of the motor play vital role, i.e. popular methods of direct/indirect ﬁeld-
oriented control (FOC) are applied. FOC is employed with proportional–integral (P-I) or proportional–
integral–derivative (P-I-D) controllers and they are not adaptive, since gains are ﬁxed at all operating
conditions. Therefore, it needs a robust speed controlling in precision for induction motor drive appli-
cation. This research paper articulates a novel speed control for FOC inductionmotor drive based onwavelet-
fuzzy logic interface system. In speciﬁc, the P-I-D controller of IFOC which is actually replaced by the
wavelet-fuzzy controller. The speed feedback (error) signal is composed of multiple low and high fre-
quency components. Further, these components are decomposed by the discrete wavelet transform and
the fuzzy logic controller to generate the scaled gains for the indirect FOC induction motor. Complete
model of the proposed ac motor drive is developed with numerical simulation Matlab/Simulink soft-
ware and tested under different working conditions. For experimental veriﬁcation, a hardware prototype
was implemented and the control algorithm is framed using TMS320F2812 digital signal processor (dsp).
Both simulation and hardware results presented in this paper are shown in close agreement and con-
formity about the suitability for industrial applications.
This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2 December 2015
© 2015 Karabuk University. Publishing services by Elsevier B.V. 1. Introduction
In industrial application, sectors utilize three-phase induction
motor (IM), characterized by the freedom of variable speed control,
ruggedness, less maintenance, low cost, reliability, and better ef-
ﬁciency than its counter single-phase IM. Mostly renowned speed
controlling techniques are ﬁeld oriented control (FOC) either indi-
rect or/direct vector control. Such controlling technique produces
the decoupling effect of the torque and ﬂux components leading to
independent control like dc machines [1]. But still posses draw-
backs by its proportional-integral (P-I) or proportional-integral-* Corresponding author. Tel.: +91-98431-08228.
E-mail address: sanjeevi_12@yahoo.co.in (S. Padmanaban).
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This is an open access article under the CC BY-NC-ND license (http://creativecommons.orderivative (P-I-D) controllers, where their gain values are set constant
at all operating conditions. Moreover, the performance of these con-
trollers depends on the slip calculation, which in-turn depends on
rotor time constant, and its value depends on the operating con-
dition. Overall, these controllers are not adaptive and less reliable
with respect to the environmental conditions of the ac motor drive
system.
Controlling techniques of IM are extended by the intelligent tech-
niques like neural network and fuzzy logic found attention and said
to overcome the above stated drawbacks [2]. Neural network con-
troller (NNC) does not involve analytical model of the complete
system under test and has the ability to adapt it to change in control
environment. It is a tedious job to select right neural controller ar-
chitecture and its training neuron process, and causes increased
computation time which affects system performance in real time.
Moreover, fuzzy logic controller (FLC) is the simplest intelligentg/licenses/by-nc-nd/4.0/).
version, and its expert knowledge to drive and control the set action
works well even if the system is undeﬁned and even subject to para-
metric variations [2].
Recent years, the wavelet transform (WT) found its application
in control systems as well as for fault diagnostics tool for ac motor
drives and modulator multilevel converters and transform tech-
nique widely popularized [2–12]. Classically, the WT is a multi-
resolution spectrum used to extract and detect components of the
signal frequencies at any interval by protecting the data and rep-
resenting it in another form. Neural network with wavelet systems
are used to control a servo IM drive [2], where the wavelet neural
network controller (WNNC) is designed to implement a computed-
torque control technique, and is expected to recover the residual
approximation. WNNC based adaptive speed control for a
permanent-magnet synchronous motor (PMSM) is addressed, and
results show attractive performances [3–5]. Wavelet network (WN)
speed controller is also adapted for a dc motor, where the func-
tion of WN is an adaptive speed control to achieve high precision
[5]. Most complex applications of estimating the rotor time con-
stant for IFOC IM drive are implemented and wavelet application
justiﬁed by its outcomes by accurate estimations than standard
ﬁlters [6]. Wavelet modulated inverter for single-phase IM drive,
where PWM are generated by non-dyadic wavelet function based
on multi-resolution analysis (MRA) is articulated for its applicabil-
ity in modulation schemes of drives [7].
Complete descriptive survey conﬁrms that there is a recent trend
in wavelet transform controller for electric drives. This work ar-
ticulates on a novel and simple wavelet, fuzzy integrated IFOC speed
controller for IM drive. Complete proposed model of the Wavelet-
fuzzy IFOC IM drive is developed in numerical (Matlab/Simulink)
simulation software and tested under different designed condi-
tions. Further, experimental hardware prototype was built using
TMS320F2812 digital signal processor (dsp) for verifying the per-
formances in real time. Set of both simulation and experimental
results are provided in this paper, which always shows the effec-
tiveness and reliability of proposed control scheme for industrial
application needs.
This paper is organized as follows. Section 2 describes the dy-
namics of three-phase IM. The discrete wavelet transform is
described in section 3. The selection of wavelet and level of de-
composition are discussed in section 4. The detailed description
about the hardware implementation of the proposed concept, com-
plete set of numerical simulation and experimental results are given
in section 5. Finally, the conclusions of this research paper are given
in section 6.
2. Dynamics of three-phase induction motor
The model of a three-phase voltage source inverter (VSI) driven
IM in synchronously rotating (d–q) reference frame of the IFOC IM
drive is elaborated in Fig. 1 as schematic diagram [13,14]. It is driven
by voltage source inverter (VSI), further the set reference speed
(command) of the motor is compared with natural speed (actual)
of the motor, thus obtained speed-error-signal given has input to
the speed control algorithm. The speed regulator generates refer-
ence torque (command) in terms of its current component and thus
the q-axis reference current iqs* of the IM drive. The reference cur-
rents are compared with their respective actual (ﬂux producing)
d- and q-axis currents (torque producing), which are actually ob-
tained by the transformation of the stator currents. The respective
error signals generate the voltage commands vdse* and vqse* by the P-I
regulators, and these signals are transformed into stationary ref-
erence frame voltages vdss* and *vqss . Now, obtained signals are used
for generating the switching signals for the pulse width modula-
tor (PWM) three-phase voltage source inverter (VSI), and the rotor
ﬂux position is determined by the current model, hence the slip
speed.
3. Discrete wavelet transformation algorithm
The wavelet transform (WT) is fast execution math series rep-
resentation for processing and analysis of given signals. Both time
and frequency domains investigation can be carried out [8–11], WT
is the extended method of fourier transforms, where the multidi-
mensional time–frequency domain presentation is allowed. The
window sizes in short time fourier transform (STFT) are ﬁxed to a
limited value while the window size can vary in WT [8]. More-
over, the WT has ability to concentrate the energy of the processed
signal in to ﬁnite number of coeﬃcients, and they are capable of
providing the time frequency localization of the signal [2,8–16]. The
mathematical representation of a signal given by WT is as follows
[9]:
Fig. 1. Conﬁguration of indirect ﬁeld oriented control (IFOC) scheme for induction motor driven by voltage source inverter (VSI).
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where, s > 0 depicts the window size, which determines resolu-
tion of the gradedwavelet baseψ(t − τ/s) in time–frequency domains.
The value of s parameter is inversely depended on frequency, and
the discrete wavelet transform (DWT) of a signal x(t) is written as
below:
WT x t x t t dtm n m n, ,*( ) = ( ) ( )
−∞
∞∫ Ψ (2)
where, Ψ*(t) is the wavelet function, m is the dilation representa-
tion, and n is the translational parameter. DWT are realized through
cascaded stages of low-pass ﬁlter (LPF) and high-pass ﬁlter (HPF),
followed by down sampling and which performs frequency dila-
tion. The output from the LPF is the approximation signal coeﬃcients
at ﬁrst level of decomposition represented by a1. The output from
the HPF is the detailed signal coeﬃcients at ﬁrst level of decom-
position represented by d1. The coeﬃcients a1 and d1constitute the
ﬁrst level of decomposition and mathematically represented as
[13–18]:
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The approximation coeﬃcient a1 at ﬁrst level of decomposition
is given as input to the ﬁlters after down sampled by two. The second
level LPF and HPF generate the second level approximation and co-
eﬃcient of length N/2. Second level in decomposition is expressed
as below:
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To note, the ﬁltering and down sampling process is continued
until the desired level is reached.
4. Selection of wavelet and level of decompositions
Operating systems draw different frequency depending on its
nature due to the physical and electrical noises interfered with it.
The feedback control systems are intended to minimize such noises
and destructive signals by minimizing the error-signal in each cycle.
Most of the mathematical methods and series representations lack
to eliminate noises. The wavelet based controller can perform ex-
tremely well by discriminating such signals into different frequency
bands.
Control system aspects when wavelet is used are required to
select appropriate wavelet function andmother wavelet with scaling
function (application dependent). More appropriate selection of
wavelet function exactly parameterizes and expands the signal. It
also decomposes and reconstructs the signal using the shifted and
dilated version of the wavelet function. Desirable properties of the
wavelet function are compactness, orthogonality, linear phase, low
approximation error, etc [18]. The compactness property of the
wavelet function has the advantage of lesser computational efforts.
It also detects the frequency components present in the signal, which
can be used in the design of speed compensator for the motor drive.
The minimal description length (MDL) data criterion best suits the
selection of optimum wavelet function [18]. MDL selects the best
wavelet ﬁlter for the signal decomposition. According to MDL cri-
terion, the best model within a group of models will have the
shortest description of data model itself and deﬁned as [18,19]:
MDL k n klogN
N
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where, k and n are the indices. Integer N states the length of the
signal while M expresses the wavelet ﬁlters. αn is the wavelet vector,
obtained from the transformed coeﬃcients of the signal using the
wavelet ﬁlter. αnk k( ) = Θ , αndeﬁnes the vector containing k non-
zero elements. The threshold parameterΘk, keeps k number of largest
element in αnand sets other all elements to zero. The MDL crite-
rion gives theminimum value for the number of coeﬃcients k, hence
considered as the optimum one.
It is important to select the level of decomposition before ap-
plying the error-signal to DWT. The number of decomposition level
decides the numbers of tuning gains needed for the wavelet con-
troller and depends on signal used for decomposition. Shannon
entropy criterion best suits to determine the optimum level of de-
composition of the speed-error-signal for motor drive applications.
The entropy of a signal x(n) and length N can be represented as:
H x x n log x n
n
N
( ) = − ( ) ( )
=
−
∑ 2 2
0
1
(8)
The entropy calculation will be performed at every level of de-
composition for both approximate and detailed coeﬃcients of the
transformed signal. It is used for detecting the optimum level of de-
composition. By Shannon entropy based criterion, if the entropy of
the signal in the next level (p) is higher than the previous (p-1), then
is expressed below as:
H x H xp p( ) ≥ ( ) −1 (9)
Now, the decomposition of signals can be stopped at level (p-
1), i.e. represents the optimum level of decomposition.
In case of classical P-I-D controller, the u is the manipulated
output variable obtained after processing the error-signal e, where
e obtained from difference of the reference signal (command) and
actual signal. The controller output u of a P-I-D controller is ex-
pressed as below:
u k e k edt k
de
dt
p i d= + +∫ (10)
where kp, ki, and kd are gain constants and acts on the error-signal
as shown in eq. (9). To be noted, in frequency domain the propor-
tional gain kpcorresponds to the low frequency component, the
integral gain ki corresponds to medium frequency component, and
the derivative gain kd corresponds to high-frequency component
of the given error-signal [15]. The same operation is performed by
DWT to decompose the given signal to detail and approximate co-
eﬃcients at different levels of resolution. The manipulated output
of the wavelet transform is similar to P-I-D, and calculated from the
detail and approximate coeﬃcients as given below [13]:
u k e k e k e k ew d d d d d d a aN N N N= + + + +1 1 2 2 … (11)
where, ed1, e d2,. . ., edN the detail components and eaN the approxi-
mate component of the given error-signal. The gains kd1, kd2,. . ., kdN
is used to tune the detail components and kaN is used to tune the
approximate component of the error-signal [4,20–25]. Two levels
of decomposition are suﬃcient for effective representation of the
error signal. The components (low/high frequency components) were
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scaled by their respective gains and then added together to gener-
ate the control signal u given by Eq. (11) to robust under all
perturbation conditions. Obviouslyminimum two levels were needed
for computation purposes since the ﬁrst level, which makes theWT
equivalent to a low-pass ﬁlter, behaves similar to PID version and
loses the robustness.
In case of IM drives, the command and disturbances occur at low
frequencies, sensor noises at high frequency. The gain which cor-
responds to low frequency components of the error-signal is used
to improve the disturbance rejection of IM. The gain which corre-
sponds to high frequency components of the error-signal is set to
minimum for eliminating the effect of noise signal injected to the
system [16,25]. A schematic representation of the wavelet-fuzzy
based speed control of IFOC IM drive is shown in Fig. 2. The speed-
error, which is the difference between the set reference speed
(command) and feedback speed (actual), is applied as input to both
the WT and fuzzy logic systems. The DWT decomposes the speed-
error into the approximate and detail components up to level-
two, the respective frequency components (ed1, ed2, and ea2). The FLC
operates on the speed-error and generate the scaling gains (kd1, kd2,
Fig. 2. Schematic of the proposed wavelet-fuzzy based speed compensator for IFOC IM drive.
Fig. 3. (a) Fuzzy logic rule based system generalized structure. (b) Membership functions of the fuzzy logic controller for both, the error (e), and the change-in-error (de).
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and ka2). Further, these scaling gains are combined (multiplied) with
the corresponding wavelet coeﬃcients to generate the electromag-
netic torque component command for the IM drive. The torque
component command generated by the wavelet-fuzzy controller is
used to perform the IFOC IM drive and schematically illustrated by
Fig. 2.
Fig. 3(a) shows the schematic illustration of the FLC system, it
consists of fuzzy interface, fuzzy rules, and de-fuzziﬁcation units.
The inputs to the FLC are the speed-error and the change in speed-
error (difference between present speed-error and its immediate
previous state), correspondingly the membership functions shown
are in Fig. 3(b). In ﬁrst step of FLC, using the triangular member-
ship functions as given by Fig. 3(b) converts the crisp variables e(k)
and de(k) into fuzzy variables such as E(k) and dE(k). Each uni-
verse of discourse further divided into ﬁve fuzzy sets has: NL
(negative-large), NS (negative-small), ZE (zero), PS (positive-
small), and PL (positive-large). Each fuzzy variable is the subset
member with a degree of membership varying between zero (non-
member) and one (full-member). In the second step of FLC, the fuzzy
variables E(k) and dE(k) are processed by an inference engine that
executes a set of control rules contained (5 × 5) matrix given by
Table 1 [2,17–19,22–24]. These rules are designed based on the
dynamic behavior of the error signal, resulting in symmetrical matrix,
Table 1
Matrix formulation (5x5) for fuzzy logic rules.
de(k) e(k)
NL NS ZE PS PL
NL NL NL NL NS ZE
NS NL NL NS ZE PS
ZE NL NS ZE PS PL
PS NS ZE PS PL PL
PL ZE PS PL PL PL
Fig. 4. Experimental prototype implementation of wavelet-fuzzy IFOC speed controller for IM drive. (a) Schematic of the proposed wavelet-fuzzy based speed compensa-
tor for IFOC IM drive, (b) Laboratory setup for the real time implementation of the proposed speed compensator scheme.
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and these are general rule-based design with a 2-D phase plane.
Each rule is expressed in the form:
If is and is then is‘ ’ ‘ ’ ‘ ’ ‘ ’ ‘ ’ ‘ ’x A y B z C .
Different inference algorithms can be used to space the fuzzy set
values for the output fuzzy variable c(k), in this work, the max–
min inference algorithm is used. In which the membership degree
is equal to the maximum of the product between E and dE mem-
bership degree. The output variable from the inference engine is
then converted into a crisp value in the de-fuzziﬁcation stage. Again,
various de-fuzziﬁcation algorithms have been proposed in the lit-
erature, but in this work the centroid de-fuzziﬁcation algorithm is
used. In which the crisp value is calculated from the centre of gravity
of the membership function. The deﬁnition of the spread of each
partition, or conversely, the width and symmetry of the member-
ship functions is generally a compromise between dynamic and
steady state accuracy. Equally spaced partitions and consequently
symmetrical triangles are reasonable choices [18,19] and consid-
ered in this work. The input variables are fuzziﬁed using ﬁve
membership functions normalized between +1/−1.
In the next section, experimental prototype setups, complete set
of simulation and experiment tests results are provided along in the
discussion.
5. Experimental prototype setup, numerical simulation and
experimental test results
Fig. 4(a) illustrates the proposedwavelet-fuzzy speed control IFOC
IM drive as schematic block diagram. Fig. 4(b) shows the com-
plete laboratory prototype hardware, it mainly consists of software
controlled PC, TMS320F2812 (dsp) board, IGBT based PWM in-
verter and signal (voltage/current) measuring instruments. The
Table 2
Main parameters of AC motor drive.
Rated power 2 [hp]
Rated voltage 460 [V]
Rated frequency 60 [Hz]
Rated speed 1750 [rpm]
Number of pole pairs 2
Stator resistance 2.12 [Ω]
Rotor resistance 2.08 [Ω]
Stator Inductance 5.97 [mH]
IGBT single module (total 6 units for 3-phase VSI) IRG7PG35UPbF, VCES = 1000V, IC = 35A, TC = 100C, TJ(Max) = 175C, VCE(ON) typ. = 1.9V@IC = 20A
DC link capacitor 1200V/1000μF
Fig. 5. Numerical simulation test, speed behavior of the induction motor con-
trolled by the wavelet-fuzzy IFOC. Top: starting at no-load with set speed command
183.3 rad/sec, Middle: starting at loaded condition of 2.5 Nm (set speed 183.3 rad/
sec), Bottom: no-load with step increase in set speed command 100~183.3 rad/sec
at t = 1.25 sec.
Fig. 6. Numerical simulation test, speed behavior of the induction motor con-
trolled by the wavelet-fuzzy IFOC. Top: no-load with step decrease in set speed
command 183.3~100 rad/sec at t = 2.25 sec,Middle:when 30% of rated load is applied
at t = 3.25 sec (set speed 183.3 rad/sec), Bottom: when 30% of rated load is removed
at t = 4.25 sec (set speed 183.3rad/sec).
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currents of IM are measured by the hall-effect sensors and are sup-
plied to the dsp board. These signals are given as input to the dsp
board through the analog/digital converter (ADC) after proper signal
conditioning. The proposed compensator generates the torque
command for the drive system. The digital output of the dsp control
board is used as switching pulses for the inverter. These digital signals
are fed through the isolation and driving circuit to trigger the IGBTs
of the three-phase inverter. The speed and current signals, ob-
tained by the sensors, are processed by the signal conditioning circuit
and then fed to the I/O port of the dsp control board. Tektronix signal
oscilloscope with a bandwidth of 100 MHZ and real time sam-
pling rate of 500mega samples per second (MS/s) is used for tracing
the speed behavior.
Table 2 provides the parameters taken for investigation test in
both simulation and hardware prototype implementation. Com-
plete numerical model of the proposed wavelet-fuzzy based indirect
ﬁeld oriented controller for induction motor drive is developed in
Matlab/Simulink software. The speed response of the ac motor drive
is tested under different working condition, in particular, step
increment/decrement of speed and load. Further, performance
Fig. 7. Prototype experimental test, speed behavior of the induction motor controlled by the wavelet-fuzzy IFOC. (a) Starting at no-load with set speed command 183.3 rad/
sec, (b) Starting at loaded condition of 2.5 Nm (set speed 183.3 rad/sec).
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indices are set to observe the rise time, peak over shoot, under-
shoot, steady state error and root mean square error (RMSE) to prove
the effectiveness of the proposed wavelet-fuzzy speed IFOC algo-
rithm. Figs. 5 and 6 shows the complete speed behavior response
of the induction motor controlled wavelet-fuzzy performances.
In the ﬁrst investigation, the transient speed response is illus-
trated in Fig. 5 (top), where the motor is started at no load with set
speed command of 183.3 rad/sec (i.e. the rated speed). In the second
investigation, the speed behavior of the induction motor drive is
tested, where the initially startedwith load of 2.5 Nm and a set speed
command of 183.3 rad/sec as shown in Fig. 5 (middle). In the third
investigation, the speed behavior of the IM drive is tested for step
increase in set speed command speed incremented in step from
100rad/sec to 183.3rad/sec at no load, and it is shown in Fig. 5
(bottom). The speed is increased from 100 rad/sec to 183.3 rad/
sec at t = 1.0 sec. Step decremented in set speed command is tested
from 183.3rad/sec to 100rad/sec and is shown in Fig. 6 (top) at
t = 2.25 sec.
Further, speed behavior response tested under sudden loading
of the induction motor is tested and shown in Fig. 6 (middle), where
a load is applied at t = 3.25 sec with the set speed command of
183.3rad/sec. Similarly, sudden removal of loading of the induc-
tion motor is tested and shown in Fig. 6 (bottom). For this case, the
motor is started with the set speed command of 183.3 rad/sec, a
Fig. 8. Prototype experimental test, speed behavior of the induction motor controlled by the wavelet-fuzzy IFOC. (a) No-load with step increase in set speed command
(0~100~183.3~100 rad/sec at t = 2 sec, t = 5 sec), step decrease in set speed command (183.3~100 rad/sec at t = 8 sec), (b) When step increase in load by 30% of rated load is
applied at t = 2 sec and step increase in 30% of rated load (removed) at t = 8 sec (set speed 183.3 rad/sec).
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load of 30% of rated value is applied at t = 3.25 sec, and the load is
removed at t = 4.25 sec.
The experimental results for the wavelet-fuzzy technique are
shown in Figs. 7 and 8 in comparison to simulation tests. As ﬁrst
investigation, Fig. 6(a) shows the transient speed response at no load
with set speed command of 183.3 rad/sec (i.e. the rated speed) of
the induction motor.
In second investigation, the induction motor is started with
2.5 Nm loads (30% of rated value) at the start and a set speed
command of 183.3 rad/sec as shown in Fig. 6(b). In the third in-
vestigation, induction motor is tested for step increment/decrement
in set speed command speed from 100rad/sec to 183.3rad/sec to
100rad/sec at no load as at 5 sec, 8 sec and shown in Fig. 7(a) re-
spectively. Finally, the induction motor speed behavior response
under sudden loading and removal of load is tested and shown in
Fig. 7(b) experimentally, where a load of 2.5 Nm is applied at t = 2 sec,
and same load is suddenly removed at t = 8 sec with the set speed
command of 183.3rad/sec respectively.
After complete simulation and experimental test investiga-
tions, both results obtained thus conﬁrmed the wavelet-fuzzy based
controller responded with negligible low peak overshoot, faster rise
time, reach steady value in quick approximation and lesser steady
state error as per industrial demands. Finally, Table 3 gives the root
mean square error (RMSE) values, which shows the good re-
sponses under different testing conditions by its value for both
simulation and experimental investigation. Further conﬁrms the pro-
posed wavelet-fuzzy controller suitability for the IFOC algorithm for
industrial induction motor drive applications.
6. Conclusions
Wavelet-fuzzy speed controller for IFOC induction motor drive
articulated in this paper with complete system was modeled in nu-
merical simulation software and practically implemented in
hardware prototype with dsp TMS320F2812 processor. Set of sim-
ulation and experimental investigation results are provided and
shown in close conformity with actual expectation. It is con-
ﬁrmed from both numerical and experimental task of investigation
that the proposed controller proves the robustness by its re-
sponse in negligible peak over shoot, faster settling time during
transient andminimal steady state error in stable conditions. Further,
performance indices on root mean square error (RMSE) values shows
good responses, that P-I/P-I-D controller are to be replaced by pro-
posed speed controller for IFOC acmotor drives. Finally, the wavelet-
fuzzy controller suits for high precision and accurate speed control
of the inductionmotorwhich attacks the industrial application needs.
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Observed performances indices of wavelet-fuzzy IFOC controller for IM drive.
Parameter speed RMSE value
Simulation Experiment
0–183.3 rad/sec 26.32 27.29
100 rad/sec–183.3 rad/sec 15.86 16.38
183.3rad/sec–100 rad/sec 19.21 20.09
180 rad/sec, when load applied 2.5 Nm 31.29 32.46
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